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1. Introduction

Spectrum congestion in dense urban areas is a reality in conventionai PMR bands, which in most European
countries are around 30MHz, 160MHz and 450MHz. In the major European cities, assigning frequencies for
new users or extending the capacity of existing networks is becoming a real challenge. Regulatory bodies, PMR
system manufacturers and users are aware of this matter of fact and have aiready acted in different ways in order
to confront the spectrum congestion issue. The following 'solutions' have been impiemented:

- introduction of data transmission

Many mobile radio speech systems are currently used to send instructions from a base station to the
mobile unit, followed by a short acknowledgement from the mobile unit to the base station. For such
routine transactions, it appears that the exchange of data is more secure and can be more spectrum
efficient than voice communication.

- introduction of trunked networks
Trunking refers to the fact that different users have access to a pool of channels. Spectrum resources and
infrastructure are shared with channeis being assigned on demand.

These actions have however proved to be insufficient or inappropriate in many cases, and other ways need to be
found of optimising the use of the limited spectrum dedicated to PMR applications. The SE23 Project Team has
therefore been requested by the SE Working Group to assess different PMR technoiogies in terms of spectrum
efficiency, implementation and operation.

Due to the lack of time relative to the complexity of the task, this report mainly deais with methods of assessing
the spectrum efficiency for PMR networks. The main aim of the report is to provide a methodology whereby the
spectrum efficiency of candidate systems can be evaluated. The PT has conciuded that it would be better to
provide a means of categorisation of systems rather than absolute caiculation of their spectrum efficiency. This
report therefore identifies the principal characteristics of PMR systems and describes the operational scenarios in
which they work, and the limiting factors of each of these scenarios. A methodology is presented whereby the
spectrum efficiency of candidate systems can be evaiuated for the various scenarios. General system limitations,
general methods by which spectrum efficiency can be improved and operationai factors such as introduction of
systems into the spectrum are discussed. The report contains tables giving technical parameters relevant to
spectrum efficiency calcuiations of various generaj and proprietary analogue and digital PMR systems, and
contains the results of these calcuiations. A worked example is provided, using the reference technology, 25kHz
PM.

2. _Scope of the report

The report deals with professional or private mobile radio (PMR) which is clearly distinct from public
radioteiephone (e.g. GSM).

The operationai needs of public radio telephone subscribers are very different from those of most PMR users.
For instance, important requirements that cannot be satisfied by the public radiotelephone system are inter alia
fast channel access, direct mobile to mobile communication, open channel and flexibie group organisation - with
various possibilities of individual and group calling facilities.



3.1 Definitions

Dual Frequency Operation: A dual frequency system is one where a pair of frequencies is used for
transmitting and receiving. €.g. a base station transmits on one of the frequencies (this is also the mobiles'
receive frequency) and receives on the other (the mobiles' transmit frequency).

Duplex: A Dupiex system is one where any party has the capability to receive and transmit at the same time. e.g.
a telephone system.

Gross bit rate: The inverse of the duration of each transmitted bit. It is therefore the theoretical maximum
transmission rate since it does not account for guard times (TDMA), frame synchronisation, error correction etc

Unprotected bitrate: defined as being equal to the total number of usable bits transmitted per unit time per
traffic channel. It thus accounts for the guard time between TDMA slots and includes any bits used for
synchronisation and other overheads.

Protected bitrate Ryy: the number of bits containing useful information transmitted per unit time per traffic
channel. It excludes bits used for error correction, synchronisation, equalisation etc.

PAMR: Public Access Mobile Radio:
provides PMR type services to different users usually on 2 subscription basis, mostly on trunked network
systems. Limited connection to the PSTN can be available.

PMR: Professional or Private Mobile Radio: -

is intended for business operations, a PMR network is operated on a ‘closed user group’ basis. PMR is designed
for short call holding times which enables a large number of users to be accommodated within a particular
frequency allocation.

Public radiotelephone (GSM, DCS1800...)
Public radiotelephone provides point to point mobile telephone services with full connection to the PSTN.

Repesater: A repeater is a Duplex device that receives a radio signal and re-transmits it on either the same or on
a different frequency. It can be used in simplex, half-duplex or full dupiex systems.

Semi or Half-Duplex mode: Semi or Half-Duplex mode is where for instance, a base station can receive and
transmit at the same time, but the mobile units responding cannot, ¢.g. a dispatch operation.

Simplex mode: Simplex mode is where no party can receive and transmit at the same time.

Single Frequency mode: Single frequency mode is where all radio transceivers transmit and receive on the
same frequency.

Typical combinations of the above include Single frequency Simplex operations, such as a low power hand

held ‘walky talky’ set up and Dual frequency Semi-Duplex operations utilising a Repeater to connect one
mobile unit with any number of other mobile units on the same system.

3.2 Abbreviations

APCO25 A digital PMR system developed under Project 25 of the Association of Public Safety
Communications Officers (US)

CDMA Code Division Multiple Access

DCS1800 A variant of GSM operating at 1800MHz

DECT Digital European Cordless Telecommunications




DPMR
DQPSK
DRX
DTX
ETS

ETSI

FM
FSK
GMSK

GSM

MOS

PABX
PM

PSK
/4-DQPSK
PSTN

RF

RTC

TC RES

TETRA

TETRAPOL

VAD

Digital PMR

Differential Quadrature Phase Shift Keying

Discontinuous reception

Discontinuous transmission

European Telecommunications Standard

European Telecommunications Standards Institute

Frequency Division Multiple Access

Frequency Modulation

Frequency Shift Keying

Gaussian Minimum Shift Keying - the modulation scheme used in GSM

Global System for Mobile - a digital ceilular system standardised by ETSI operating at
900MHz

Mean Opinion Score - a quantitative method of assessing speech quality using subjective
listening tests

Private Automatic Branch Exchange

Phase modulation

Phase Shift Keying

A particuiar PSK scheme used for example in TETRA
Public Switched Telephone Network

Radio Frequency

Radio Traffic Channel

Technical Committee on Radio Equipment and Systems - the ETSI committee responsible for

approval of certain radio equipment standards
Time Division Multiple Access
Trans European Trunked RAdio - a digital PMR system standardised by ETSI

Protocol of a digital PMR system designed for public safety requirements.

Transparent Tone In Band - a single sideband technique in which a pilot tone is inserted within

the RF bandwidth

Voice Activity Detection
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4.1 Co-channel interference limited or/and coverage limited

PMR systems differ widely in the number of users, the service area, the traffic density and operational
requirements. Some are limited by noise (coverage), some by co-channel interference caused by frequency
reuse and some by a combination of these two and/or additional phenomena (see 5.2, 5.3 & 5.4). Measures of
frequency efficiency are different in these cases.

4.2 Planning difficuities

Demand for frequency resources for PMR is difficult to predict. Thus in practice the 'first come first served’
method is applied in many cases. The ceilular approach, which is usually adopted for public radiotelephone
networks, (GSM, DCS1800 ...), and associated spectrum optimisation methods may be used for interference
limited PMR networks. Such geographical lattices are in use for PMR frequency assignment procedures in
severaj European countries.

However, in dense conurbations, the demand for frequencies, particularly for seif provided systems, is such that
planning based on geographical lattices cannot be easily applied. Each base site will cover an area containing a
large number of potential users. With high demand for and limited availability of channels, this will resuit in
two or more uncoordinated networks with roughly the same coverage areas or with overlapping coverage areas
having to share the same frequencies. This sharing is possible when there is infrequent usage by users of one or
more of these networks, or when message lengths are short, i.e. when traffic levels from any one network are not
sufficient to fully load the channel and sharing does not result in heavily overloaded channels.

Usually it is accepted that one frequency can be shared by approximately 100 users distributed between 3 or 4
networks. In some cases it is possible to accommodate more than 600 users. Sharing of frequencies by many
uncoordinated networks is possible with good access protocols (manual or automatic). These access protocols
may be the determining factor for efficient use of spectrum.

43 Large variety of network types

Due to the wide range of requirements of PMR users, network configuration and type of use differ greatly from
one network to another. Moreover, in order to deal with frequency congestion, spectrum efficiency may not
always be the relevant criterion on which to focus. For instance, a fund ransportation company with around
1000 mobiles wiil have far less efficient spectrum usage measured in Erlany(km2 » Hz) than a taxi company.
Consequently, PMR nerworks need to be classified in the following categories:

a/ on site systems of up to 3km radius

These systems are generally set up inside commercial or industriai buildings or yards, but can cover wider areas
such as those required by e.g. quarry or mining companies. Their basic requirements usually cannot be satisfied
by wireless PABXs, such as DECT or CT2, for operational reasons. The number of terminals and their mobility
is limited. Frequencies are often geographically reused by different networks.

In practice, there is no frequency co-ordination.
b/ urban and suburban networks with radii from short distances to 20km or more covering an urban area.

Large urban area coverage is one of the requirements of many organisations, such as taxi companies,
ambulances, messengers, police, public transport etc.

For PMR systems, the availability of large cells is fundamental because of
- low traffic density (compared to ceilular public radiotelephone)
- half duplex and group calls
- cost of infrastructure
- no handover facilities
- simple location and switching facilities




Within the frequency bands used by PMR systems, networks can achieve urban wide area coverage with a
limited number of celis. Therefore, the optimisation of spectrum use is more closely associated with the
avaiiable number of communications per time in a given area with independent networks than with the
geographical reuse of a given frequency.

The network may be interference limited or noise (coverage) limited or both. In the former case, frequency co-
ordination is beneficial, but in practice it is not always possibie due 1o the high demand for channels in urban

areas.

¢/ rural networks with radii ranging from a few km to several tens of km.

These are generally 'coverage limited’ and require cells covering as large an area as possible with generally only
low traffic capacity requirements. Spectrum efficiency cannot be considered an important issue in this case as
no spectrum congestion is expected.

44 Operational scenarios

PMR voice traffic may be dispatch (group calils involving muitiple mobiles) or individual calls (one unit in
communication with one other unit). Spectral efficiency is clearly enhanced by dispatch operation, the gain
being dependent on the number of units covered by one site and being involved in one call.

Typical system configurations may affect the efficient use of a channel and are summarised as follows:

a. Single frequency simplex operation, in which users share the channel resources. Selective calling may
or may not be implemented so that individual calls and group calls are possible.

b. Dual frequency half duplex and duplex operation without repeaters. Essentially the considerations are
similar to a. above, except for a doubling of the bandwidth required.

c. Trunked or non-trunked dual frequency operation with repeaters. Typically such systems are multi-site
and may allow network-wide group calls. Many multi-site systems do not allow traffic on unused upiinks or
downlinks during intersite calls.

It is important to include data in the available operational scenarios. Efficient protocois can optimise channel
use (e.g. by minimising channel occupation and iosses), particularly where packet switched techniques are used
such that rapid channel sharing is possible.

5.1 General considerations

Optimising radio spectrum resources is a pressing issue especially in relation to 4.3a and 4.3b, where congestion
frequently occurs.

Parameters in assessing the spectrum efficiency are:

- geographical reuse of a given radio channel and of the adjacent radio channels
- type and quantity of information per traffic channel

- number of RF carriers (radio channels) in a given amount of spectrum

- number of traffic channels per RF carrier

In a public cellular system, the number of radio channels to be activated for a call is equal to the number of
mobiles involved in that call and is thus independent of the number and size of cells. The number of cells
needed is determined by the cell size and the size of the service area of the whole system. The cell size itself
may be traffic or coverage limited. The cellular lattice is more or less regular and permits a regular reuse of



radio frequencies with a cluster size dependent on the propagation conditions and equipment performance.
Therefore this number is independent of the size of each ceil.

In contrast to the full duplex service offered by public cellular networks, PMR offers essentially haif-dupiex
services - i.e. during a call only one participant is talking (transmitting) at a time with all the others listening
(receiving). Consequentiaily, in PMR, group calis (or conferences, or open channels) are more common, easier
to impiement and more spectrally efficient than in cellular.

In a PMR system however, the number of activated channels is equal to the number of cells invoived in the
coverage of the call independently of the number of participating mobiles. Therefore the larger each cell is, the
more spectraily efficient the system is (less channels to be activated per call). However, frequency reuse can
then become more limited, which can affect the frequency economy adversely. The sensitivity of the receivers
is therefore an important parameter for ceil dimensioning and has a major influence on the spectral efficiency of
such systems. The coverage depends on the link budget and therefore also on the transmitted power which,
however, is limited by the power consumption, regulatory requirements, spurious emission limitations and
technological, ergonomic and economical constraints.

In conclusion, the type of traffic or more precisely the mode of operation also has an important influence on the
spectrum efficiency. If point to point links are compared to point to muitipoint links, which are to be found in a
high percentage of the total traffic within a PMR system, the latter show a considerable spectrum efficiency
improvement. The main reason is that in such cases more than one subscriber is served in parallel.

The evaluation of the spectrum efficiency of a given system is a difficult task when all the influencing factors of
complex reai systems have to be taken into account. However, for basic types of systems, the spectrum
efficiency can be evaluated without unreasonable difficulty and therefore basic system comparisons are possibie.
If necessary, additional features and their influences can be added step by step, e.g. VAD with DTX and DRX,
and their additional benefit can be evaluated.

Finally it is not necessary to calculate the spectrum efficiency with overdue precision but rather to categorise
systems to be compared. Taking analogue 25kHz systems as a yardstick, the categorisation might be:

A :0.5to 1.5 times the reference spectrum efficiency
B : 1.5t0 2.5 times the reference spectrum efficiency
C:>25 times the reference spectrum efficiency

This offers an opportunity to preselect systems with comparable spectrum efficiency from a range and to base
the final choice of system on other important factors like coexistence properties, economic considerations,
migration strategies, frequency management problems and various others.

The evaluation tools for the fundamental types of PMR systems are given in the following clauses. All
equations are taken from reference [2].

5.2 Noise or coverage limited systems

The first type of basic system is the noise or coverage limited system. It is characterised by the fact that, fora
given transmit power, the coverage achieved is maximurm, being limited only by thermal and man made noise
and natural propagation conditions and not by any significant level of interference. This type of system is
generally characterised by low traffic densities with the consequence that capacity and frequency efficiency are
generally not limiting factors.

An appropriate basic measure of spectrum efficiency in this case could be the number of radio waffic channels
(RTQC) per given bandwidth in RTC/MHz or the ratio of the net bit rate to carrier separation in (bit/s)YHz per
traffic channel. The number Ny, of traffic channels in noise limited systems depends on the system bandwidth
Bs,y, the carrier separation AF,, the access factor N, and the mode factor Ny, and provides the theoretical upper
bound of the available radio capacity: .
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where N, = 1 for FDMA
>] for TDMA (and CDMA)

{ 1.0 forsingle frequency simplex operation

and  Ny= ) 0.5 for2 frequency simplex operation with and without repeater and 2 frequency full
3 duplex operation without repeater
{ 0.25 for 2 frequency full dupiex operation with repeater employing 4 frequencies

The system bandwidth Bsyy is the overall bandwidth including up and downlink, repeater feeder links etc. The
access factor N,, describes the number of traffic channels per carrier; in TDMA trunked systems with a
proportion of traffic between unsynchronised mobiles, the number of usable timesiots per carrier is reduced and
N, may even become unity. The mode factor Ny, takes into account the mode of operation. With these
definitions it is assumed that the temporarily unused radio capacity during a conversation, e.g. the reverse
channel in duplex systems, is not used for other purposes. This might not be true in particular cases, e.g packet
radio systems. In these cases, Ny, is increased above its conventional system value.

Without trunking only a limited percentage of the availabie radio capacity can be used in practice and even with
efficient trunking methods the efficiency of channel usage is well beiow 100%. However, trunking is applicable
to ail mobile radio systems and thus can be disregarded in the comparison method. It should also be noted that
the use of omnidirectional antennas in the base stations as well as in the mobiles and a uniform distribution of
the mobiles is assumed.

The interrelation of modulation bandwidth By, and carrier separation AF, should also be considered:
AF:=0.5-(Brx + Brx) + fax + 8frx 2 Bu ()

8fzx and 8fy are the frequency tolerances of the receiver and transmitter which are often negligible compared
to the modulation bandwidth. By is the modulation bandwidth arising from the transmitter, defined as inciuding
all modulation products attenuated by less than a certain amount from the level of the carrier. Generaily the
modulation bandwidth By, is identical to the receiver modulation acceptance bandwidth Byy and denotes about
98% of the transmitted power. In special cases the receiver pass bandwidth may be smaller than the modulation
bandwidth but then distortions have to be expected and compensated. In other cases the receiver centre
frequency tolerance is not explicitly taken into account because it is already included in the receiver pass
bandwidth. For Bry, the adjacent channel power (limited in most PMR systems to -60dBc¢ or -70dBc) generaily
has to be taken. In the limits sometimes the transmitter's frequency tolerance may also be inciuded. It should be
noted that for constant envelope FM and PM systems By, « By is valid while for linear modulation schemes,
e.g. ©/4-DQPSK as used in TETRA, By, = By is valid. Lastly it shouid be noted that for systems with strictly
separated frequency bands for up- and down-link, the system design may be based on By = By while in simplex
and semi-duplex systems generaily By, « Byy shouid be taken, at least if non-linear modulation schemes are
employed. All these general considerations are also valid for systems which are not solely noise or coverage
limited.

With digital transmission the frequency efficiency for noise limited systems could be defined straightforwardly:
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Since various trade-offs can be made between coding rate or gross bit rate Ry and modulation bandwidth, the
only measure of interest therefore is the net bit rate Rgy per mraffic channel.

It should be noted that in coverage or noise limited systems, an increased link budget (the difference between the
radiated transmitter power and the minimum permissible receiver input level, or receiver sensitivity) leads to an
increase in coverage and thus a reduction in the system costs per user and km? provided the system remains
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unsaturated. However outside congested areas and for systems with spare capacity, the spectrum efficiency is of
minor interest.

53 Interference limited systems

The second type of basic system is limited mainly by co-channel interference as a consequence of frequency
reuse under natural propagation conditions. This type of system is generally characterised by high traffic
densities and high overail capacity which can be achieved by frequency reuse to cover a large arca composed of
a large number of radio ceils. In such systems, additional attention has to be paid to adjacent channel and
intermodulation interference.

An appropriate basic measure for spectrum efficiency in this case should take into account the frequency reuse
cluster size and could be the number of tratfic channels per given bandwidth and per cell in RTC/(MHz. cell) or
the net bit rate per cell to carrier separation in (bit/s)/(cell . Hz). The number N; of traffic channels in
interference limited systems depends on the system bandwidth B, the carrier separation AF., the access factor
N, and the mode factor Ny, and additionally the cell cluster size N and gives the theoretical upper bound of the
available radio capacity

NA'NM'BSy.«
Ny=2 % RTC/cell 4
! Nc-AFc [ o ] @
where Ng=a’ +ab+b’ )

a and b being integers 2 0. This is valid for the case of regular, isotropic, homogeneous, hexagonal ceils. In
other cases, N¢ can take other integer values.

The access factor N, and the mode factor Ny, are defined as in subclause 5.2. The ceil cluster size N¢ depends
on the propagation conditions as described by the propagation exponent a and the dynamic carrier to
interference ratio (C/T)p

Normally the cluster size Nc » 1. In most PMR systems, the range is about 9 € Nc < 19. In the case N¢. = I, the
frequency efficiency of noise or coverage limited systems becomes identical. (For CDMA the cluster size is
generally defined as the ratio of the maximum number of available channeis per ceil in a monoceli system to the
maximum number of available channels per cell in an infinite uniformiy loaded muiticeil system. It is claimed
that this ratio lies between 1.5 and 2.0)

For heavily loaded systems with strong co-channel interference and a = 4, the number of channels can be
expressed using (C/), instead of Ne.

) = .NA~NM‘BS)u1
AFcJ(2Nu /3)-(C/ Do

[RTC/cell] ®

Ny, is the average {oad factor of the interfering cells. If these belong to the same system then Ny, = N can be
assumed. The load factor N_ =0...1. In congested areas N, = 0.3 may be taken for non-trunked systems while
an estimate of Ny = 0.7 might be more appropriate for very heavily loaded trunked systems with a large number
of available traffic channels. All these considerations need great care and the results may vary from case to case
particularly when mixed scenarios have to be evajuated.

In most PMR systems o = 3.5 is a more correct assumption but then the formula becomes much more
complicated without giving significantly different resuits in the case of rough system comparisons. For absolute
figures the formuia is:

NA - NM . BSy:l
Nl = 2/
(AFc/3)-[(6Nu)-(C/ )]

[RTC/ceil] @)




It should be noted that (C/T)g is the carrier to interference power ratio under fading conditions including
shadowing. This means that fading and shadowing, which are very dependent on the propagation conditions,
have a great influence on (C/T) and reuse distance and consequently on the spectral efficiency. However, if
different systems are compared under identical propagation conditions then all these factors generaily have only
small or negligible influence. For the purpose of the calculations used in these comparisons, only fading has
been taken into account.

Using digital transmission the spectrum efficiency 1, for interference limited systems also has to take the cluster
size into account:
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Again only the net bit rate Rgy, per traffic channei is of interest.
5.4 Other system limitations

There are additional system limitations. In contrast to the limitations above which are based on hard physical
facts, the limitations referred to hereafter are by nature 'soft facts' and can be overcome with increased technical
effort. Some of the limiting factors affect simulcast systems more than normal systems, requiring exceptional
care to be taken in such cases.

Delay limited systems exhibit a poor ratio of burst to guard time which is a problem associated with TDMA but
not with FDMA.. For large coverage areas and long signal traveiling times therefore the duration of guard time
and burst ramping time must be shortened in order to improve efficiency if the burst time cannot be made
longer. The guard time can be considerably shortened if time advance methods are introduced. This means that
the mobile transmits its bursts with varying time advance compared to the received base station TDMA frame to
compensate for varying signal propagation times. However, the guard and ramping times together can not
reasonably be made shorter than the delay spread as determined by the multipath propagation conditions.

Dispersion limitations occur when intersymbol interference is introduced by muitipath propagation conditions.
This occurs when the delay spread exceeds a considerable percentage of the symbol duration. Obviously this
becomes very critical when half the symbol time is approached. However, this limitation can be overcome by
equalising methods where each burst contains a weil-known training sequence from which the channel
propagation conditions can be calculated and be used to restore the unknown message symbols. The necessary
effort is generally significant.

Depending on the type of modulation and the bandwidth the Doppler spread may also limit system performance
if it is not negligible compared to the modulation bandwidth. Here again suitable equalising methods might be
applied to overcome this problem, requiring additional effort.

5.5 Mixed scenarios

In many real systems, a combination of interference and coverage limitations may be observed. In this case, the
appropriate measure for spectrum efficiency is a function of the type of services. For group calls, it is desirable

to ensure as many members of the group as possible are in the same cell and thus coverage limited systems seem
preferable; for individval calls with a fixed party, the interference iimited approach seems more suitabie.

Moreover, radio channei splitting, such as from 25/20/12.5kHz into for instance 6.25kHz or SkHz would be
beneficial when spectrum is allocated for an operator requiring only very few channels exclusively.

5.6 Methods for the improvement of spectrum efficiency

For a basic given system. the spectrum efficiency can be further improved. This is directly possible by the
introduction of trunking techniques. Methods such as voice activity detection (VAD), discontinuous
ransmission (DTX), transmitter power control and in a limited sense also discontinuous reception (DRX) reduce
interference directly or at least reduce its appearance in the receiver. This makes additional capacity available



which can be used to carry additional traffic. Improved coding, interieaving, equalisation and detection with
improved data compression techniques witl also result in improved spectrum efficiency.

Since most of these methods are applicable with similar resuits to all systems, they need not necessarily be taken
into account for the purpose of the evaluation of basic systems, for which the theoretical maximum possible
spectrum efficiency shouid be evaluated assuming for comparison purposes that one single frequency simpiex
channel provides the capacity of one radio traffic channel (RTC).

Concerning the influence of the multipie access mode, FDMA or TDMA, on the spectrum efficiency of PMR
systems, the two parameters 'net data (or information) rate to channel separation ratio' and 'limit of the signal to
interference ratio’ are, in the first approach, the same for the two modes of access provided identical modulation
schemes are used, with perhaps a small advantage in favour of FDMA which is less sensitive to distortions due
to muitipath propagation. Instead of the ratio 'net data rate to modulation bandwidth’, which is a precise
theoretical measure, the ratio 'net data rate to channei separation' is more relevant for real systems because this
reflects inter alia also operational requirements.

However due to the specific configurations (relatively smail coverage) and the specific services (group calls,
half-dupiex operation) of PMR with respect to public radiotelephone networks, the potential for achieving the
largest possible individual cell coverage is an important factor for increasing the efficiency of the radio systems
and decreasing the cost of the networks. All other things being equal, in particuiar for the same transmitter peak
power and with the same modulation and coding schemes, a FDMA system (one channel per carrier) will
provide wider coverage than a TDMA system (several channeis per carrier). When the density of traffic is ow
or irregular and the system is coverage iimited, FDMA is more flexible and efficient than TDMA for PMR
applications.

; otl iderati

Not all of the parameters of a radio transmission system are relevant for spectrum efficiency. However they
must fulfil the user needs and some of them must be taken into account when comparing systems, e.g.:

If the Doppler degradation of a highly spectrum efficient system is bad, then this systemn may be useless for
mobiles travelling at high speed.

- C
If the C/1 of one system is much better than that of another, this may have additional benefits in a multipath
propagation environment. This may permit considerable reduction of radio channei equalisation needs.

- channel access
It is not believed possible to increase the capacity of spectrum to the extent that radio channels can be made
available on an exclusive basis in dense urban areas, i.e. channels must be shared. The protocols for access to

shared channels will affect the overall efficiency of the use of spectrum.

It is necessary to examine the feasibility of implementation of new narrow band techniques in the PMR
environment. Whereas public radiotelephone operators are prepared to invest in order to have good sites, PMR
users generally install equipment without close consideration of site engineering dependent radio parameters
(intermodulation due to non-linearity etc.).

) f impl .
PMR users do not usually need elaborate functionality and features from their systems. The technology must be
easy to implement and use, whilst being robust and cheap.

When comparing different systems, one must be aware of the difference in functionality offered. For example,
the functionality of analogue and digital speech transmission may be very different. Advanced PMR systems
make use of digital voice transmission which provides on average a superior speech intelligibility and quality
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compared to conventional analogue speech transmission. Digital voice transmission aiso permits privacy by
encryption which can be more easily impiemented and is much more secure than is the case with analogue
systems. Additionally all kinds of data transmission are possible ranging from short precoded messages to more
demanding requirements like text and data files and even pictures. For special applications, the technology
allows the possibility of slow motion video with restricted resolution.

For analogue systems, the static C/1 has to be replaced by the dynamic value giving a sufficient speech quality
which for example can be expressed as MOS (mean opinion score). For digital systems, the same overali speech
quality measure, e.g. MOS, shouid be used for the evaiuation of spectrum efficiency. This means that any
individual comparison between different codings, interieavings, types of modulation, voice coders' performance
etc. is of no interest for the user because the only real awareness is of the overail speech quality. The same is
true for comparisons between digital voice transmission systems. For the same reason, for data transmission,
only the net bit rate is of interest for the user.

- {ragmentation of the market

A choice of technology shouid be available for all types of PMR networks. It would not be desirable to have too
many different technologies dedicated to a specific market. So, it is necessary to examine all parameters before
adopting a basic standard acceptable to PMR users.

. S ol . . [ techni
7.1 State of the art

The following section describes some of the current state-of-the-art PMR technologies. Unfortunately, since all
the information concerning recent developments has not been available to the project team, the following list is
not exhaustive.

- TETRA and PMR 6

TETRA is based on a linear modulation scheme called /4-DQPSK. It operates in a channel spacing of 25kHz
and uses a gross modulation rate of 36kbit/s. It employs a TDMA channel access scheme of the order 4 i.c.
providing 4 time slots per frame. These can carry voice and data traffic or signalling information.

A version of TETRA operating in a channel spacing of 12.5kHz was originaily also proposed because it could
ease spectrum refarming on a channel by channel basis. This version was called TETRA 12.5. Presently, it has
been put on ice by ETSI TC RES. PMR 6 was discussed in 1994 because a market need for a FDMA system
was identified. The discussion was based on the /4-DQPSK modulation scheme, a 6.25kHz channel spacing
and a FDMA channel access scheme.

Transparent Tone In Band (TTIB) provides a flexible bearer for narrowband mobile radio systems. The
provision of a pilot tone ailows fading correction and thus the use of coherent data demodulation systems.

A variety of data modulation can be applied to the TTIB giving a flexible choice of modulation bandwidth and
C/1. The use of coherent demodulation provides good performance in both noise limited and co-channe}
interference limited systems. Practical impiementation of TTIB-Linear Modulation using 5kHz spacing at a
variety of data rates (up to 14.4kbit/s) has been achieved. However the C/1 ratio required to maintain a given bit
error rate needs to be increased with increasing data rates.

- TETRAPOL
TETRAPOL is based on GMSK modulation. It operates in a channel spacing of 12.5kHz with a data rate of

8kbit/s. It uses a FDMA channel access scheme and complies with ETS 300 113. For some implementations
the channel spacing is 10kHz.
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-_OQther systems

Where technicai parameters of other proprietary systems have been made available, these are supplied in the
tables at the back of this report.

7.2 General properties of current PMR systems

This section contains a collection of the main parameters and characteristics of PMR systems currently in use or
just being specified.

Concerning speech transmission the codec properties and bit rates have considerable influence on the spectrum
efficiency. For comparisons of different systems employing analogue or digital transmission an appropriate
measure for the speech transmission quality and intelligibility has to be chosen. One candidate might be MOS
but it should be noted that comparisons of the resuits obtained in different investigations are critical, e.g. the
accuracy and reliability of such comparisons are somewhat limited.

The technical parameters in Tables Al and A2 are taken from the reievant ETS] standards or from the system
documentation or simulation results provided by the manufacturers of proprietary systems. Footnotes give
additional information where this is necessary.

7.3 PMR system properties of relevance for spectrum efficiency

In order to give a better overview of properties related to spectrum efficiency, the relevant system properties are
compared in Table B. Estimates of spectrum efficiency of these systems for application in noise or coverage
limited environments and interference limited environment are given in Table C. For ease of comparison, Ny, is
always set to unity as mostly appropriate for PMR systems without connection to the PSTN. Additionally Bs,,
is aiways set equal to IMHz for comparison purposes.

Frequency engineering and management must in real life take into account additional effects like interference by
adjacent channels, intermodulation, blocking, spurious emissions and responses, transmitter wideband noise and
harmonics etc. However, for first basic system comparisons, these effects can be regarded as having lesser
importance. '

7.4 CDMA

For PMR systems with low traffic density and where low infrastructure cost is of main importance, FDMA
systems are best suited due to their better sensitivity performance (larger ceils) and smaller RF carrier separation.

If ceil size needs to be small in order to accommodate medium to high traffic density, a TDMA approach might
be more appropriate for the reasons of reduced individual base station cost and smailer cell size due to the need
for channel reuse.

In the latter case CDMA might also be considered. However, due to particular modes of operation, e.g. open
channel, flexible group formation and reorganisation, and direct mode, particular problems have to be solved.
Moreover CDMA requires fast and precise power control for the uplink with an accuracy of about 1dB, while
the dynamic range must be 80 to 100dB in typical PMR cases, in order not to limit the system capacity. Very
precise synchronisation of all base and mobile stations is needed which is difficuit for some operational cases
typical for PMR e.g. direct rmode without involvement of the base station. All these reasons make it very
difficult to apply CDMA to PMR. Lastly due to the large bandwidth of the spreaded moduliation and the carrier
separation of one 1o several MHz, CDMA is not well suited to PMR, especiaily if only limited traffic capacity is
needed, because all existing PMR frequency allocations are based on narrowband applications and new
unoccupied frequency bands are not available for this purpose.

7.5 System evaluation and comparison
For the evaluation and comparison of different systems, some basic parameters of the systems in question are

needed. These have been collected for current PMR systems, DPMR systems which are currently in the
standardisation process and also some proprietary DPMR systems. The basic parameters for these systems are to




be found in Tables Al and A2. These tables give a general system overview and therefore contain more
parameters than are needed for the evaluation of the spectrum efficiency. Table B lists ail those parameters
needed for the evaluation of spectrum efficiency and Table C contains the resuits.

In order to make the evaiuation method and the resuits more transparent, the methodology is first applied to
current analogue PMR systems, using a channel separation of 25kHz. The resuit will then be used as a yardstick
against which other systems can be compared.

For noise or coverage limited systems, the calculations are based on formuliae (1) and (3).

For PM25, with By, = IMHz Fc = 25kHz, N = 1 and Ny = 1,

we obtain Ny =40 RTC/MHz,
and with a protected bitrate of Rgy = 2.4kbit/s,
we find v = 0.096.

The upper bound of the radio capacity for interference limited systems can be calculated according to formulae
(4) and (6) from where the ciuster size can be derived:

Ua

No=1/3-[6N, (C/D),] )

For the calculations two additional assumptions have to be made:
D a=35'
i) Ny=05°

Hence we obtain N 2 5.85 for PM25, using (C/T)p = 17dB (the static value + 9dB)

N, and 7, can be calculated easily once Ny, Ne and ny are known. Using (7) and (8), we obtain Ny = 6.84
RTC/(MHz . cell) and 1y, = 0.016 bit/s/(Hz . cell) for PM25.

For categorisation, all values of N, have to be divided by 6.84 for comparison with PM25 and the categorisation
can be done according to para 5.1.

8. Introduction of new technology
a) Unoccupied spectrum

The spectum efficiency of new systems being introduced in unoccupied spectrum depends mainly on their co-
channel interference (C/T) and also on their adjacent channei interference (A/C) tolerance. These dictate the
reuse distance for a given frequency, and aiso the extent to which near channels can be utilised in adjacent ceils.
In licensing regimes in which no guarantee of grade of service is offered, where ad-hoc time sharing is the
method of channel access (e.g. in dense conurbations), then the introduction of narrow band technology provides
an increase in physical channels over conventional 12.5kHz FM technology, thus allowing more users per km
per MHz, provided that the co-channel interference performance is adequate.

b) Occupied spectrum

In existing PMR bands, new technology will need to co-exist with equipment already in place. This will require
co-channel interference and adjacent channel interference tolerance between new and old systems to be

maximised. Where possible. the new technology should allow the change to more spectrally efficient systems to
be implemented in phases. This allows the greatest flexibility of implementation with least disruption to existing

For a MS antenna height of 1.5m. a BS antenna height of 30 to 50m and a frequency range of 150 to

, 900MHz. the propagation coefficient o varies between 3.34 and 3.57 according to Okumura and Hata
Values of Ny, between 0.3 and 0.7 are taken as representative of typical system loads.
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users. It should be possible to both replace existing equipment on a channel by channel basis and add new
equipment where system pianning constraints allow.

The use of narrow band modulation schemes can allow new RF carriers to be used in the jow energy 'guard
bands’ that exist between old channels so long as co-channel protection is engineered with care.

Where groups of existing channels are 1o be replaced with new technology to improve spectral efficiency, a
transition plan can be evoived to minimise interference with users still utilising old equipment. For example. 2
12.5kHz channel can be divided into two 5kHz channels so as to create 2 2.5kHz gap in the centre of the
12.5kHz channel. This witl improve co-channel interference with 12.5kHz FM equipment that continues to use
the channel. Later, full utilisation of the spectrum using narrow band channels can be introduced on a gradual
basis.

Similar approaches can be derived for other channel spacings, but it is criticai that the new system provides
flexibility to the reguiator and has characteristics as good or better than the existing system.

If the key radio parameters between new and existing systems are very similar, then there is unlikely to be a
problem in superimposing new technojogy. However, if the parameters differ substantiaily, mismatches may
occur that cause interference in some scenarios. For exampie, old equipment may interfere with a new system
when there is a large mismatch in transmit powers or receiver sensitivity.

9. _Conclusion
1/ Different types of spectrum efficiency factors apply when considering either interference limited or coverage
limited networks.

2/ Nevertheless, guidelines in order to solve the spectrum congestion for conventional PMR have been
identified:

- increase the load per channei by
- trunking - sharing resources when possibie
- dynamic muitipie access for trunked networks in dense areas
- efficient protocol for access to the channel
- data transmission

- increase the resistance to noise and interference
- decrease the reuse distance
- increase each cell coverage

- increase the number of channels
- channel splitting (5/6.25kHz)

3/ In certain configurations and for some requirements that cannot be satisfied by sharing resources within a
trunked network, channel splitting (5/6.25kHz) is necessary.

4/ TDMA and FDMA techniques are both available for trunked and non-trunked PMR applications. For
certain PMR networks, when the traffic density is low, an FDMA solution provides better frequency assignment
flexibility. However, for various technical and frequency management reasons CDMA at present does not seem
to be beneficial for PMR applications, because it is a broadband approach for high traffic capacity.

5/ Under the assumptions made above, it can be seen that some of the new systems offer improved spectrum
efficiency. For full details, refer to Table C.

A more detailed comparison of state-of-the-art techniques would need further studies.
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System Parameter PM 25 PM 20 PM 12 APCO 25 TETRA 25 TETRA 25 TETRA 12 PMR6
v+D PDO v+D (1]} {21
Reference document 4,5 13 7 B based on 7 jbased on 7
Frequency band [Mhz) (3] 68..87.5,146..174,BIII, 406..470 ~150/450/900 ~380/~900 (4} nya nya
Tx-Rx separation {MHz} [5] 9.8,4.6,10 5/5/45 10 10/45
Channel separation {kHz] 25 20 12.5 12.5/6.25 25 25 12.5 6.25
Access mode FDMA FDMA FDMA FDMA TDMA Packet TDMA ~FDMA
No. of channels per carrier 1 1 1 1 4 (6] 1 2 (6] 1
Type of modulation PM, SC-FSK FM, PM, SC-FSK| PM,SC-FSK C4FM/CQPSK Rr/4-DQPSK n/4-DQPSK R~/4-DQPSK r/4-DQPSK
Baseband width (Hz]) 300-3000 300-3000 300-2550
Modulation bandwidth B__ (kHz) 16.0 14.0 10,1 18.0 180 9.0 ~4.6
Burst length {ms - - - 14.167 14.167 28.313 56.67
Frame length [ms - - - 56.67 ~ 56.67 56.67
Type of code BCH BCH BCH trellis 16-state RCPC
Gross bitrate [kbit/s] <4.8 <4.8 2.4 --=? 36.0 36.0 18.0 8.0
Unprotected bitrate [kbit/s) 9.62 7.2 -~ 7.2 <7.0?
Protected bitrate [kbit/s] <2.4 $2.4 <1.2 6.1 4.8 19.2 4.8 4.8
Code rate ~0.5 ~0.5 ~0.5 ~0.6
Error detection/correction FEC FEC FEC FEC
Speech Codec [Type/kbit/s]) various various various IMBE/4.4 ACELP 4.6 ACELP 4.6
Codec interleaving depth 0,1,4.8 .
Tx RF power, base station [dBm) $54 <S4 <54 <57 28..46 28..46 <467 ~ %46
Tx RF power, moblile (dBm]) <54 <54 <S54 40..50 15..45 15..45 <452 - $45%
Tx RF power, handportable [dBm] <37 <317 <37 30..137 15..35 15..35 15..35 15..3S
BS power level control range [(dBm] - - - 28..46
MS power level control range {dBm] - = - 15..45
Tx spurious emissions {dBm/dBc] -36/70 -36/70 -36/60 -36/60 -36/60 -36/60 -36/60
Rx sensitivity, static (dBm} (typical/limit) -119/-107 -117/-107 -114/-107 -112..-115 -112..-115 -115..-118 |-118..-121
Rx sensitivity, dynamic [dBm) ~-110 ~-108 --105 -103..-106 ~-103..-106 -106..-109 [-109..-112
c/1, static [aB) <8 <8 <12 ~6..8 ~6..8 ~6..8 ~6..8
C/1. dynamic [dB] [7] 17 17 21 519 <19 <19 <19
Adjacent channel rejection, stat. (dB) 270 270 260
Adjacent channel rejection, dyn. ([dB] ~58 -58 ~48 245 245 245 245
Spurious responses, static (dB/dBm] 70/-37 70/-317 70/-37 -/-45 ~/~45 -/-45 -/-45
Rx blocking, static (dBm) at 21MHz -23 -23 -23 -25 -25 -25 -25
Rx dynamic range, static [dBm] C119..-7 (8] |-117..-7 (8]1]-114..-7 (8] ~106..-29 ~106..-29 -109..-29 | -112..-29
[Multipath equalisation (s} - - - 50 55/110 55/110 55/110 N (9]

Table Al: General Properties of current PMR Systems, APCO 25, TETRA and possible TETRA derivatives

1. dormant 2. propaosal 3.

differing in Europe

4. Freguency bands for TETRA are still under consideration

6. The number of usable channels per carrier in TDMA systems may be different for Direct Mode operation

7. (C/1), for analogue systems has been calculated as (C/I),+9dB to account for fading but not shadowing

8. According to FTZ 17 TR 2049 9.

not necessary

S. main cases

nya = not yet allocated



System Parameter ASTRO Cognito EDACS MIRS MOB.II MODAC. MPT 1327 SR 440 T-POL TTIB
f1] RD-LAP{1]

Reference document 13 14 16 4,5 19 12 11

Frequency band [MHz]) ~160 160/450/900 900 80/160/400/900] 410..430 various 80/160/450 ~-80/450 |80/160/BIII

Tx-Rx separation [MHz) 24/20 45 10 various 1..20 1..15%

Channel separation {kHz] 25/20/12.5 12.5 12.5/25 25 12.5 12.5 12.5 12.5/25 12.5/10 S

Access mode FDMA FDMA TDMA TDMA FDMA FDMA FDMA FDMA FDMA FDMA

No. of channels per carrier 1 1 [21 6 (2] 1 1 1 1 1 1

Type of modulation QPSK-C n/4-DQPSK | m16QAM [3]1] GMSK BT=0.3 4FSK PM, SC-FSK CP-BFSK GMSK TTIB SSB

Baseband width [Hz]) 300..3000 300..3000

Modulation bandwidth B, (kHz) B 10.1? 10.17 10.1? 10.1/16.07? 10.1/...? 3.6

Burst length [ms 15 372 20

Frame length [ms 40 9077 _

Type of code trellis cyclic Z

Gross bitrate {[kbit/s} 9.6 4.8/9.6 64 8 9.6 1.2 4.8 8.0 14 .4

Unprotected bitrate [kbit/s]) 7.2 - 4.8 4.2 4.0 -

Protected bitrate [kbit/s] 7.2 ~2.4 ~2.1 -0.6 ~2.4 ~4.8 7.2/2.4 (4]

Code rate ? various

Error detection/correction Y ARQ Y various

Speech Codec [Type/kbit/s] VSELP/4.2 - - IMBE RPCELP 6.0 -

Codec interleaving depth - various

Tx RF power, base station [dBm] 40..467? 47..50 s$S1 46 40 33..44 42 44/50

Tx RF power, mobile [dBm] 37..40? 24. .43 27..40 40 38 33..44 40 44

Tx RF power, handportable (dBm] 27..137 22..35 33 38 20..37 13 L.

BS power level control range (dBm] Y Y - - Y

MS power level control range [dBm]} 23/33 23/33 - - (20/30) Y

Tx spurious emissions [dBm/dBc] -44 -44 -36 -36

Rx sensitivity, static (dBm) -110 -113 -114 -116 -120..-118 -112

Rx sensitivity, dynamic (dBm) -574Bm -106 -111..-109 ...

C/1, static [dB] 12 12 12 12 8 7 8

C/1, dynamic [dB) _ (5] 21 21 21 21 17 15 17/12.5 [4]

Adjacent channel rejection, stat. {[dB] 10 60 60 ? 60/45 50

Adjacent channel rejection, dyn. (dB) 60 Ce

Spurious responses, static {dB/dBm] 70 70/-317 70/-317 70 70/-37

fx blocking, static [dBm} at 21MHz >-23 >-23 -17? -23

Rx dynamic range, static (dBm) -113..~0 -114..~0 -116..+4.07? ~120..-10

Multipath equalisation {us) 40/66 N ? Y

Table A2: General Properties of current and proposed DPMR systems

1. ETS 300 113 2. The number of usable channels per carrier in TDMA systems may be different for Direct Mode operation 3. m=4

4. For TTIB, speech can be achieved at (C/1),=17dB; data can be achieved at 7.2kbit/s in low interference conditions, however in Table C, 0, (interference

case) is calculated using 2.4kbit/s at (C/I),=12.5d8B.

See ref (10}.

5. (c/1), for analogue systems has been calculated as (C/I},+9dB to account for fading but not shadowing




Type of System e/, |oerny, (1) B, s AF, (21 | R/RTC
(dB] (dB) [kHz] (kHz) _N‘ [kbit/s]

PM 25 8.0 17.0 16.0 25 1 2.4
PM 20 8.0 17.0 14.0 20 1 2.4
PM 12 12.0 21.0 10.1 12.5 1 1.2
TETRA 25 V+D - 13.0 18.0 25 4 4.8
TETRA 12 V+D - 19.0 9.0 12.5 2 4.8
PMR 6 V+D - 19.0 ~4.6 6.25 1 4.8
APCO 25 12.5kHz 12.5 1 6.1
APCO 25 6.25kHz 6.25 1

ASTRO Motorola 25 . 25 1

ASTRO Motorola 20 20 b

ASTRO Motorola 12.%2 12.5 1

EDACS Ericsson 25 25

EDACS Ericsson 12.:% 12.5

MIRS Motorola 25 6 7.2
MPT 1327 12.0 21.0 12.5 1 ~0.6
SR 440 Ascom, Bosch 25 8.0 17.0 16.07? 25 1 2.4
SR 440 Ascom, Bosch 12.5 122 21.07 10.1? 12.5 1

TETRAPOL 12.5kHz 7.0 15.0 10.1? 12.5 1 ~4.8
TETRAPOL 10kHz 7.0 15.0 L2 10 1 ~4.8
TTIB Securicor (3] 8.0 | 17.0 3.6 5 1 7.2
TETRA 25 PDO - i 9.0 18.0 25 Packet 19.2
MOBITEX II | 2.0 21.0 10.1? 12.5 1 ~2.4
MODACOM Motorola 12.0 2.0 10.17 12.5 1 ~2.1
Cognito 12.0 ‘ 21.0 12.5

Table B: Parameters of PMR and DPMR systems used in Spectrum Efficiency calculations

L. (C/I), for analogue systems has been calculated as (C/I),+9dB to take into account fading but not
shadowing

Z. The number of usable channels per carrier in TDMA systems may be different for Direct Mode operation

. For TTIB, 7.2kbit/s data can be achieved :in low interference conditions, however n, in Table C is
calculated using 2.4kbit/s at (C/I},=12.5dB (in this case N,=3.23). See reference [10]



N, ., N, n
Type of System [RTC/MHz] bits N, (1] [.JEE_J b“;’ Category
[——H—z—] MMz Cell [m}

PM 25 40 0.096 5.85 (M) 6.841 0.016 A (1.0}
PM 20 50 0.120 5.85 (7) 8.551 0.021 A (1.3)
PM 12 80 0.096 $.90 (12) 8.083 0.010 A (1.2)
TETRA 25 V+D 160 0.768 7.61 (9) 21.032 0.101 Cc (3.1)
TETRA 12 V+D 160 0.768 7.81 (9) 21.032 0.101 c (3.1
PMR 6 V+D 160 0.768 7.61 (9) 21.032 0.101 c (3.1)
APCO 25 12.5kHz 80 0.488
APCO 25 6.25kHz 160

| ASTRO Motorola 25 40
ASTRO Motorola 20 50
ASTRO Motorola 12.% 80
EDACS Ericsson 25
EDACS Ericsson 12.5
MIRS Motorocla 240 1.728
MPT 1327 80 0.048 9.90 (12) 8.083 0.005 A (1.2)
SR 440 Ascom, Bosch 25 40 0.096 5.85 (7} 6.841 0.016 A (1.0)
SR 440 Ascom, Boscn 1l2. 80 9.90 (12) 8.083 A (1.2)
TETRAPOL 12.5kHz 80 0.384 4.49 (7) 17.800 0.085 C (2.6}
TETRAPOL 10kHz 100 0.480 4.49 (7) 22.250 0.107 c (3.3}
TTIB Securicor (2] 200 1.44 5.85 (7) 34.204 0.148 C (5.0}
TETRA 25 PDO 40 0.768 7.61 (9) 5.258 0.101 A (0.8)
MOBITEX II 80 0.192 9.90 (12) 8.083 0.018 A (1.2)
MODACOM Motorola g0 0.168 9.90 (12) 8.083 0.017 A (1.2}
Cognito 80 9.50 (12) 8.083 A (1.2)

Table C: Spectrum Efficiency of selected PMR and DPMR Systems

1. Values in this column in brackets are valid for regular, homogeneous,

isotropic, hexagonal cells

2. N, has been calculated using (C/I),=17dB (valid for speech), however 7m, has been calculated using

2.4kbit/s at {C/I!,=12.54B

All results are based on standards or manufacturers' information supplied to the project team.




